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3,4-ETHYLENEDIOXYTHIOPHENE FOR DONOR-ACCEPTOR  CONJUGATED
COPOLYMER SYNTHESIS. Advisor: Asst. Prof. YONGSAK SRITANA-ANANT,
Ph.D.

Direct arylation polymerization (DArP) is a new palladium-catalyzed cross-
coupling method to synthesize conjugated copolymers. This reaction can generate
C-C bonds between simple arenes and dibromoarenes, without passing through
organometallic intermediates. In this work, we synthesized new donor-acceptor
conjugated copolymers based on 2-octyl-3,4-ethylenedioxythiophene (OEDOT)
donor coupled with 3,5-dibromo-1,2,4-triazole, 4,7-dibromo-2,1,3-benzothiadiazole,
4,7-dibromo-5,6-difluoro-2,1,3-benzothiadiazole,  4,7-dibromo-1,2,3-benzotriazole,
4,7-dibromo-2-octyl-1,2,3-benzotriazole, 1,4-dibromo-2,5-(tert-butyldimethylsilanyl
oxy)oenzene, 5,7-dibromothieno[3,4-blpyrazine and  5,7-dibromo-2,3-diphenyl
thieno[3,4-b]pyrazine to become polymers P1-6 and P9-10, respectively in various
range of yields of 16-88%. Polymer P7 was prepared from deprotection followed
by oxidation of polymer Pé6. These copolymers exhibited various UV-Visible

absorptions with Ao values ranging from 328 to 958 nm.
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CHAPTER |
INTRODUCTIONS

1.1 Conjugated polymers

Conjugated polymers are materials with m-conjugated systems along their
backbones. These m-electrons can delocalize when a conjugated polymer is excited,
resulted in the conductive and many related properties. Conjugated polymers
combine the conductive properties of inorganic semiconductors and physical
properties of organic polymers such as solubility in organic solvent. [1] Owing to their
solubility, These polymers can be easily processed to form thin and lightweight films
using inkjet printing or spray-coating. [2-3] Their applications appear in many
electronic devices such as sensors,[d4] transistors, [5] organic light emitting diodes
(OLED) [6] and organic photovoltaic cells (OPV). [7] Conjugated polymers must be
designed and prepared to suit the need of particular applications such as their
aromatic backbones functionalized with electron-donating or electron-withdrawing
moieties for suitable optical and electronic properties. [8] Moreover, the non-
conjugated side-chains are usually required to improve solubility and added
functional groups. [9-10] Donor-acceptor polymers, which contain alternating
electron-rich donor and electron-deficient acceptor units on the backbones, are one
of the most popular types of conjugated polymers. Donor-acceptor polymers were
found to have significantly decreased bandgaps as explained by hybridizations of
frontier orbitals as shown in Figure 1.1. [11-12] The interactions between orbitals of
donor and acceptor units induce more planar backbones of the polymers and
increase the m-electrons delocalizations. [13] Furthermore, these donor-acceptor

polymers often have a relatively broad absorption spectrum. [14]
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Figure 1.1 Orbital interactions of donor (D) and acceptor (A) units, resulting in low

bandgaps in donor-acceptor (D-A) polymers

Examples of the electron-rich donor units often found in conjugated
polymers include 3,4-ethylenedioxythiophene (EDOT),[15] fluorene, [14, 16]
carbazoles, [17-18] and cyclopenta-dithiophene. [19-20] For the electron-deficient
acceptor units, benzothiadiazole (BTD), [21-22] benzotriazole (BT2), [23]
thienopyrazine (TP) [24] and thienopyrroledione [25] are among those that are

mostly used in conjugated polymers.

a) /N R R R R R
(0] o] !
N
S S S
3,4-ethylenedioxythiophene fluorene carbazole cyclopentadithiophene
(EDOT)
R R
|
b .S N 7N\ N
) N° N NN N N o o
\ \
o0 U g
S S
benzothiadiazole benzotriazole thienopyrazine thienopyrroledione
(BTD) (BTZ) (TP)

Figure 1.2 a) electron-rich donor units b) electron-deficient acceptor units



Thiophene-based polymers are the most popular conjugated polymers. With
good optical properties, wide range in UV visible absorption and stable in ambient
environment, [26] they are quite suitable to be developed into many electronic

devices. Examples of some of the successful polymers of this type are shown in

Figure 1.3.

R4 = 2-octyldodecyl
R, = dodecyl

R = 2-ethylhexyl R = 2-hexyldecyl

Figure 1.3 Examples of thiophene-based conjugated polymers

1.2 Synthesis of conjugated polymers

To obtain conjugated polymers, formations of C-C bonds are generally
needed. Palladium catalyzed cross-coupling reactions are the most efficient and
useful methods for such requirement. (Figure 1.4) These reaction mostly allow
couplings between two sp? or sp hybridized carbons. Aryl halides and organometallic

aryl derivatives were commonly used as the precursors.
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Figure 1.4 Traditional C-C coupling methods for synthesis of conjugated polymer

1.2.1 Heck cross-coupling reaction

Heck cross-coupling reaction is a reaction of an aryl halide with an alkene in
the presence of a palladium catalyst. In 2005, Tieke and coworkers [27] used this
method to synthesized diphenylpyrrolopyrrole (DPP)-based polymers. (Scheme 1.1)
The polymer presented the maximum wavelength (A.J of 529 nm and emission

wavelength of 598 nm.

Pd(OAC),

tris-(o-tolyl)phosphine
DMA

Scheme 1.1 Heck cross-coupling polymerization between 1,4-diketo-2,5-dihexyl-3,6-

bis(d-bromophenyl)pyrrolo[3,4-clpyrrole and p-divinylbenzene

1.2.2 Sonogashira cross-coupling reaction

Sonogashira cross-coupling reaction is a reaction that form C-C bond between
aryl halide and terminal alkyne. In 2006, Sensfuss and coworkers [28] synthesized

thieno[3,4-b]  pyrazines based polymer using this method. (Scheme 1.2) The



polymer was made into an organic solar cell and presented power conversion

efficiency (%PCE) of 2.37 %.

Ph. Ph Ph Ph

N>/ \<N CioHzs  CqoHas >/_\<

+
BMB = s X CuliprNH, [ — )/ \( — m
r r — — g7 1,

S toluene S

Scheme 1.2 Sonogashira cross-coupling polymerization of 2,3-diphenylthieno[3,4-

blpyrazine and 3,4-didodecyl-2,5-diethynylthiophene

1.2.3 Stille cross-coupling reaction

Stille cross-coupling is a versatile C-C bond forming reaction between aryl
halide and organostannane, with few limitations. This reaction is the popular and
highly efficient method for synthesis of conjugated polymer. In 2012, Jen and
coworkers [29] used Stille cross-coupling reaction for the synthesis of polymer from
cyclopentadithiophene derivative and 5-fluoro-[2,1,3]-benzothiadiazole. (Scheme

1.3) The polymer presented %PCE at 5.81%.

F
R R F
, Br Br  Pdy(dba)y/Plotol)y [ T\ [/ \
N I\ I\ / 1\ chlorobenzene S S
s~ Sn. N_ _N
\ S

—~Sn
] S

R = 2-ethylhexyl

Scheme 1.3 Stille cross-coupling polymerization between cyclopentadithiophene

derivative and 5-fluoro-[2,1,3]-benzothiadiazole

1.2.4 Suzuki cross-coupling reaction

Suzuki cross-coupling is a catalyzed reaction between organoborane (boronic

acid or boronic ester) and aryl halide under basic condition. In 2003, Andersson and



coworkers [30] successfully synthesized a conjugated polymer for organic solar cell
using this method. (Scheme 1.4) The polymer has low band gap and broad optical

absorption spectrum.

R R, N/S\N
(0] o \
Ll e
° N s \ N(CHy)q* OH,

toluene

R4 = 2ethylhexyl, R, = hexyl

Scheme 1.4 Suzuki cross-coupling polymerization between fluorene and

benzothiadiazole derivatives

1.2.5 Negishi cross-coupling reaction

Negishi cross-coupling reaction is Ni- or Pd-catalyzed cross-coupling of
organozinc compounds with aryl halides. In 2014, Kiriy and coworkers [31]
synthesized a homopolymer from AB-type fluorene monomer using Negishi cross-
coupling reaction in mild condition. (Scheme 1.5) The polymer was obtained in high

molecular weight.

R R R R
Pd(CH3CN),Cl, / P(t-Bu),

> 0.0 At THF, 23 °C ] O'O

R= 2-ethylhexyl

Scheme 1.5 Negishi cross-coupling polymerization of fluorene derivative

1.2.6 Kumada cross-coupling reaction

Kumada cross-coupling reaction is a reaction of Grignard reagents with aryl
halide in the presence of Ni- or Pd- catalyst. In 2011, Kiriy and coworkers [32]
synthesized homopolymer of 3-hexylthiophene by this method. (Scheme 1.6)
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Scheme 1.6 Kumada cross-coupling polymerization of 3-hexylthiophene derivative

1.3 Direct arylation polymerization (DArP)

All of traditional methods can produce conjugated polymers in high yields.
But they suffer some disadvantages especially the requirement of preparations of
their corresponding organometallic precursors, which are difficult or expensive to
synthesize, use or give toxic compounds or by-products, or too sensitive in ambient
environment. [33] Even though Heck and Sonogashira cross-coupling polymerizations
do not require organometallic precursors, both of these reactions must use
monomers that have terminal alkene or alkyne. Recently, a new cross-coupling
method called direct arylation polymerization or DArP was discovered and

introduced as an alternative method for synthesis of conjugated polymers. (Figure

1.5) [34-36]
@ B = 1B
n

Figure 1.5 Direct arylation polymerization or DArP

Pd cat.

_—

DArP can form C-C bonds between two arene compounds through C-Br bonds
of an aryl bromide directly onto C-H bonds of the other arenes. This method does
not require organometallic precursors, which can eliminate the associated
disadvantages of traditional methods from organometallic compounds, reduce

synthetic steps and avoid metal toxic wastes.



1.4 Mechanisms of direct arylation polymerization
1.4.1 Mechanisms of palladium-catalyzed cross-coupling reactions

As shown in Figure 1.6, most palladium-catalyzed cross-coupling reactions
involve the same catalytic cycle consisting three steps. The first step is usually an
oxidative addition of a Pd(0) complex and electrophilic aromatic compound (R;-X) to
form intermediate L,R;PdX, where X is a halogen (i.e., CL, Br, I). This is often the rate-
limiting step in this catalytic cycle. [37] (except Stille coupling, where the rate-limiting
step is the next transmetalation step. [38]) Then the Pd(ll) intermediate reacts with
nucleophilic organometallic aryl compound (R,-M), transferring the aryl group (R,-)
onto palladium-catalyst to form another intermediate L,R;PdR, and eliminating of M-
X as called a transmetalation step. The last step is a reductive elimination of the

product R;-R, and regeneration of active catalyst PdL,.

Ri-Rs Pd°L, Ry-X
Reductive
Elimination Addition

R R
1\ . 1
Pd'L,, L,Pd"
N
Ry X
M-X R>-M

[ Transmetalation]

where, R, and R, are arene derivatives
X represents an halogen or a pseudo-halogen
M represents an organometallic functional compound

Figure 1.6 General mechanism of Pd-catalyzed cross-coupling reactions



1.4.2 The concerted metalation-deprotonation (CMD) mechanism

The mechanism of DArP is close to the above general mechanism of Pd-
catalyzed cross-coupling reactions. Except in the second step, transmetalation is
replaced by a process called concerted metalation-deprotonation (CMD). CMD was
proposed by Fagnou and Lafrance upon studying direct C-H arylation of benzene and

phenyl bromide using PA(OAc), catalyst and pivalic acid additive. [39]

Ar—X + RCOOH

0
Pd’Ly, Oxidative
Reductwe Addition
EL|m|nat|on HX
?d"—L

L, Pd" (1)
\OOCR
o)
H"oJ'LR
s
Ar
|
r—Pd'—L
i
0L:0 (2
R
CMD

where, Ar represents an aryl group of aryl halide

X represents an halogen

Figure 1.7 CMD mechanism of direct C-H arylation

From Figure 1.7, after the initial oxidative addition, palladium complex (1)
reacts with aryl halide (Ar-X) to form activated complex (2) stabilized by a
carboxylate (or carbonate). This step is the most important step to drive the reaction.

The arene compound is deprotonated by the carboxylate forming the usually
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formed diaryl palladium intermediate (3). Reductive elimination occurs in the last

step to give the coupling product and regenerate the catalyst.

1.5 Literature review

In 1999, Lemaire and coworkers [40] successfully synthesized oligothiophene
from 2-iodo-3-alkylthiophene from DArP using Heck-type condition and Pd(OAc), as
the catalyst. (Scheme 1.7)

R R
Pd(OAc),, DMF
H / \ I KZCOS! n-Bu4NBr / \
S S n
R = H, CHj,
(CH2)2CH(CH3)CaHs,
CgH17

Scheme 1.7 Synthesis of oligo(3-alkylthiophene) via direct arylation

In 2010 Ozawa and coworkers [41] synthesized poly(3-hexylthiophene) from
polycondensation of 2-bromo-3-hexylthiophene using Herrmann’s catalyst (trans-
di(u-acetato)bis[o-(di-o-tolylphosphino)benzylldipalladium(ll))  and  P(o-NMe,CgHy)s.
(Scheme 1.8) The reaction gave a head-to-tail connected poly(3-hexylthiophene)
with M, = 30600. It is the first example of high molecular weight poly(3-
hexylthiophene) from DArP.

CgH43 Herrmann's catalyst, CeH13
P(0-NMeyCgHy)s
’ ]\ Br Cs,CO3,THF ()
S 125°C, 24 h S

Scheme 1.8 Polycondensation of 2-bromo-3-hexylthiophene

In 2011, Kanbara and coworkers [42] synthesized conjugated polymers
between 2,2-bithiophene and a fluorene derivative wusing direct arylation
polymerization. (Scheme 1.9) An insoluble product was obtained. They presumed

that the product contained an extensive cross-linked structure due to cross-couplings
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onto C-H bonds at B-positions of thiophene rings or B-defect. To circumvent the B-
defect problem, a B-protected arene, which is an arene that has substitution groups
on B-positions, was employed. 3,4-Ethylenedioxythiophene (EDOT) and their

derivatives are popular B-protected arenes that widely used in DArP.

I\ s
Br 0.0 Br + H s \ H Pd(0AC), » Insoluble material

K,CO3, PivOH
DMA, 100 °C 24 h

CgH17CgH47

Scheme 1.9 DArP of 2,2-bithiophene and a fluorene derivative

The first example of using EDOT in DArP was reported by Kuma and Kuma.
[43] (Scheme 1.10) They  synthesized conjugated polymer from 34-
propylenedioxythiophenes (ProDOT) and EDOT using Pd(OAc), as the catalyst. The

product was obtained in high molecular weight and found be an alternated

copolymer.
CS%H” CeH13CeH13
O e) o) o) Pd(OAc),, TBAB (@) @)
+ t
Z/ \§ /Z_ﬁ\ CH3COONa, DMF/H,0 I\ s
S Br— g7 "Br S \ )
0] O

Scheme 1.10 DArP of 2,4-propylenedioxythiophenes (ProDOT) and EDOT

In 2013, Kanbara and coworkers [44] optimized the condition of DArP of EDOT
and 2,7-dibromo-9,9-dioctyl-9H-fluorene, where Pd-catalyst and carboxylic acid
additive were varied. (Scheme 1.11) They found that the reaction using Pd(OAC),
and 1-adamantanecarboxylic acid gave the highest molecular weight of 42700 in 87%

yield.
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CgH; CgH mo CaH- CaH
ghz g7 (0] ghl7 Lgh17
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Scheme 1.11 DArP of 2,7-dibromo-9,9-dioctylfluorene and EDOT
In 2015, Joseph and coworkers [45] synthesized a donor-acceptor conjugated
polymer between EDOT and 5,8-dibromo-2,3-diphenylquinoxaline via DArP. (Scheme

1.12) The product exhibited maximum wavelength absorption (A, at 561 nm, M,, =
3207 and low band gap 1.0 eV.

O O :—: d(OAc),, TBAB :/ \:
]\ DMA, 90 °C i | S
S S -

Scheme 1.12 DArP of EDOT and 5,8-dibromo-2,3-diphenylquinoxaline

Kanbara and coworkers [46] performed the polymerizations between 5,5'-
dibromo-4,4'-dinonyl-2,2-bithiazole and three EDOT derivatives. Polymers A, B and C
showed M,, = 4300, 4400 and 13100, A, = 501, 484 and 510 nm, respectively. The
best polymer is C that contains the dihexyl-EDOT units.



13

CgH
/_\ oH1o N
S / »\(s
S P CgH1g
__/ A
C,oHg CoHs CaHrs X
A CgoH Br s /i »\(S
oH1g ]
0 o) IHI Pd(OAc)2,1AdCOOHV 9 S ,i,l/rn
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Scheme 1.13 Synthesis of polymers A, B and C

In parts of acceptor units, benzothiadiazole (BTD) is interesting acceptor for
synthesis conjugated polymer. Bundgaard and coworkers [47] synthesized donor-
acceptor conjugated polymer of 4,7-dibromobenzothiadiazole and 2,2'«(2,5-bis((2-
hexyldecyl)oxy)-1,4-phenylene)dithiophene via DArP. The polymer exhibited good
optical property with Ay, = 650 nm.

\ Pd(OAc),, DMA
4<:>7 neodecanoic acid

R =2 hexyldecyl

Scheme 1.14 DArP of 4,7-dibromobenzothiadiazole and 2,2'-(2,5-bis((2-hexyldecyl)

oxy)-1,4-phenylene)dithiophene

Scherf and coworkers [48] synthesized conjugate polymer between 4,4-di(2-
ethylhexyl)-cyclopenta[2,1-b:3,4-bldithiophene  and  4,7-dibromobenzothiadiazole
using DArP. The product was obtained in high molecular weight (M,,) of 40300.
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S, CaHg CaHo Pd(OAc),

hosph ligand
\ / . CzH5 C2H5 phosphener ligan .
Br Br / \ DMA, K2003

S S

Scheme 1.15 DArP of 4,4-di(2-ethylhexyl)-cyclopental2,1-b:3,4-bldithiophene and

4,7-dibromobenzothiadiazole

From literature reported, EDOT and derivatives can use as precursor in DArP
and give polymers that have high molecular weight, low band gap and wide range of
UV visible absorption and high conductivity. EDOT is a strong donor due to oxygen
can donate electron to thiophene ring. Moreover, EDOT is B-protected arene that can
solve problem about B-defect. In this work, we would like to synthesize EDOT-base
donor-acceptor conjugated polymers via DArP. EDOT with long chain alkyl group was
selected to use in this work. The presence of long chain alkyl group increases

solubility of polymer. It was coupled with 7 selected dibromoarenes.

1.6 The objective of this work

The objective of this research are synthesis new donor-acceptor conjugated
polymers based on 2-octyl-3,4-ethylenedioxythiophene (OEDOT) from direct

arylation polymerization (DArP) with selected dibromoarenes as shown in Figure 1.8.
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Figure 1.8 Target donor-acceptor conjugated polymers



CHAPTER Il
EXPERIMENTS

2.1 Chemicals

Thin layer Chromatography (TLC) was performed on aluminum sheets
precoated with silica gel (Merck Kieselgel 60 F,sq, Merck KGaA, Darmstadt, Germany).
Column chromatography was performed using 0.040-0.060 mm or 40-60 mesh ASTM
silica gel 60 (Merck Kieselgel 60 G, Merck KGaA, Darmstadt, Germany). Solvents used
in synthesis were reagent or analytical grades. Solvents wused in column
chromatography were distilled from commercial grade prior to use. Other reagents

were purchased from the following venders:

Acros  Organics (New  Jersey, USA): tert-butyl(chloro)dimethylsilane,

dimethylacetamide (DMA), imidazole, o-phenylenediamine, tri-n-butylamine

- Aldrich (USA): 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU), 2,5-dibromobenzene-
1,4-diol,  diethyl oxalate, d-dimethylaminopyridine  (DMAP),  ethyl
chloroacetate, liquid bromine, tris(dibenzylideneacetone)dipalladium(0)
(Pdy(dba)s), Sn powder, sodium metal, potassium carbonate (K,COs),
triphenylphosphine (PPhs)

- Carlo Erba (Milan, Italy): diethyl ether, sodium hydroxide (NaOH)

- Eurisotop (USA): deuterated acetone (acetone-dy), deuterated chloroform
(CDCls), deuterated dimethylsulfoxide (DMSO-dg)

- Heraeus (Hanau, Germany): palladium(ll) acetate (Pd(OAC),)

- Intellect co. (Thailand): sodium sulfide nonahydrate (Na,S.9H,0)

- Merck Co. (Darmstadt, Germany): concentrated hydrochloric acid, fuming nitric
acid, concentrated sulfuric acid

- Panreac (Spain): anhydrous magnesium sulfate (MgSQO,)

- RCl Labscan (Bangkok, Thailand): acetone, acetic acid, acetonitrile,

dichloromethane (DCM), dimethylformamide (DMF), hexane, ethyl acetate

(EtOAQ), methanol, sodium hydrogen carbonate (NaHCO3), toluene
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- Td (Japan): 1-bromooctane, 2,1,3-benzothiadiazole (BTD), N-
bromosuccinimide (NBS), 1-decene, 3,5-dibromo-1,2,4-triazole, 4,7-dibromo-
5,6-difluoro-2,1,3-benzothiadiazole, 8.8 M glyoxal, pivalic acid (PivOH),
trifluoroacetic acid (TFA)

2.2 Instruments and Equipment

The FT-IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer. 'H
NMR spectra were obtained from Varian Mercury NMR spectrometer operated at
400.00 MHz. *C NMR spectra were obtained from Bruker Avance 400 operated at
100.00 MHz. The UV-Vis absorption spectra were recorded on an Agilent 8453E UV-
Visible spectroscopy. The mass data were measured with ESI-MS (Quattro microTM
API) or Matrix assisted laser desorption ionization-time of flight mass spectrometry
(Bruker MicroFlex MALDI-TOF) or Gel permeation chromatography (GPC) (Tosoh
Ecosec HLC-8320GPC and Waters 2414 refractive index (RI) detector with Styragel
HR5E). Melting points were determined with a Stuart Scientific Melting Point
apparatus SMP20 (Bibby Sterlin Ltd., Staffordshire, UK).

2.3 Monomers synthesis

2.3.1 Diethyl thiodiglycolate (1)
@) O
fo” S Aoog
1

A solution of Na,S.9H,0 (12.0 g, 50 mmol) in water (30 mlL) was added
dropwise to the solution of ethyl chloroacetate (13.24 g, 55 mmol) in acetone (50
mL). The reaction was refluxed under nitrogen atmosphere for 3 h. After cooling to
room temperature, the reaction was extracted by diethyl ether. The separated
organic layer was dried over anhydrous MgSO, and evaporated to give 1 as yellow

liquid (7.07 g, 62% yield). [49] *H NMR (400 MHz, CDCLs): & (ppm) 4.05 (g, J = 6.8 Hz,
q
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4H), 3.24 (s, 4H), 1.16 (t, J = 7.2 Hz, 6H). (Figure A.1, Appendix) >C NMR (100 MHz,
CDCly): & (ppm) 169.5, 61.1, 33.3, 13.9. (Figure A.2, Appendix)

2.3.2 Diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate (2)
HO, OH

/\
EtOOC~ g~ ~COOEt

Sodium metal (2.4 ¢, 0.21 mol) was dissolved in ethanol (75 mL) and the
solution was added dropwise to a mixture of 1 (2.00 g, 0.010 mol) and diethyl
oxalate (4.5 g, 0.03 mol) for 30 min in ice bath. The reaction was refluxed under
nitrogen atmosphere for 3 h. Then the reaction was cooled to room temperature,
added water (400 mL), and acidified by conc. HCl (15 mL) to obtain a white solid of 2
(2.299 g, 76% yield). mp. 134-135 °C (lit. 135 °C). [50] '"H NMR (400 MHz, CDCl,): &
(opm) 9.35 (s, 2H), 4.39 (q, J = 7.0 Hz, 4H), 1.36 (t, J = 7.0 Hz, 6H). (Figure A.3,
Appendix) *C NMR (100 MHz, CDCLs): 8 (ppm) 165.5, 151.6, 107.1, 61.7, 14.0. (Figure
A.4, Appendix) IR (ATR, cm™): 3305, 2981, 1690, 1663. (Figure A.5, Appendix)

2.3.3 1,2-Dibromodecane

Br

Br A~~~

A solution of 1-decene (14.27 g, 100 mmol) in dichloromethane (DCM) (50
mL) was added liquid bromine (6 mL, 117 mmol) dropwise until the yellow color
permanently appeared. Then the reaction was extracted with DCM and was
evaporated to give to light-yellow liquid of 1,2-dibromodecane (40.26 g, 92% vyield).
[51] "H NMR (400 MHz, CDCly): & (ppm) 4.16 (m, 1H), 3.84 (dd, J = 10.2, 4.4 Hz, 1H),
3.62 (t, J = 10.0 Hz, 1H), 2.12 (m, 1H), 1.77 (m, 1H), 1.63 — 1.10 (m, 14H), 0.88 (t, J =
6.6 Hz, 3H). (Figure A.6, Appendix)



19

2.3.4 Diethyl 2-octyl-2,3-dihydrothieno[3,4-b][1,4]dioxine-5,7-
dicarboxylate (3)

CgH17

) )

i
EtO0C COOEt

S
3

A mixture of 2 (3.25 g, 12.5 mmol), tri-n-butylamine (6.94 ¢, 37.5 mmol) and 4-
dimethylaminopyridine  (DMAP)  (1.07 g, 875 mmol) was dissolved in
dimethylformamide (DMF) (30 mL) and heated to 100 °C under nitrogen atmosphere.
Subsequently, it was added 1,2-dibromodecane (11.25 g, 37.5 mmol) and heated for
24 h. The reaction was quenched by adding 10% HCl and extracted with ethyl
acetate (EtOAc). Organic layer was dried over anhydrous MgSO, and evaporated. The
crude product was purified by column chromatography, eluted with EtOAc:hexane
(1:9) to give the product as white solid (1.397 ¢, 28% vyield). mp. 94-95 °C (lit. 92-94
°C). [52] "H NMR (400 MHz, CDCLy): & (ppm) 4.40 (m, 6H), 4.05 (m, 1H), 1.81-1.43 (m,
20H), 0.89 (t, 3H). (Figure A.7, Appendix) °C NMR (100 MHz, CDCl,): & (ppm) 161.0,
160.9, 145.3, 1450, 111.8, 111.5, 74.2, 68.4, 61.2, 61.1, 31.8, 30.4, 29.4, 29.3, 29.2,
25.1, 22.6, 14.2, 14.0. (Figure A.8, Appendix) IR (ATR, cm™): 2916, 2849, 1698, 1503
(Figure A.9, Appendix)

2.3.5 2-Octyl-2,3-dihydrothieno[3,4-b][1,4]dioxine-5,7-dicarboxylic acid (4)

CgH17

—~

Compound 3 (1.086 g, 2.73 mmol) was mixed with 3 mL of EtOH and 30 mL

of 1 M NaOH. The mixture was refluxed under nitrogen atmosphere for 3 h. It was
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cooled to room temperature and quenched by added 15 mL of 10% HCL. The
product was filtered to obtain a white solid of 4 (0.858 g, 92% vyield). mp. 218-221 °C
(lit. 216-220 °C). [52] 'H NMR (400 MHz, DMSO-d): & (ppm) 4.39 (m, 1H), 4.30 (m, 1H),
3.98 (m, 1H), 1.56-1.18 (m, 14H), 0.83 (t, 3H). (Figure A.10, Appendix) *C NMR (100
MHz, DMSO-dy): 6 (ppm) 161.7, 144.8, 144.6, 111.5, 111.4, 73.7, 67.4, 31.2, 29.6, 28.8,
28.7, 28.5, 24.2, 22.0, 13.9. (Figure A.11, Appendix) IR (ATR, cm™): 3364, 2913, 2849,
1718, 1671, 1574. (Figure A.12, Appendix)

2.3.6 2-Octyl-3,4-ethylenedioxythiophene (OEDOT)

CgH47

~

0) 0]

.

S

A mixture of 4 (0.342 g, 1 mmol) and 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU)
(1.2 mL, 8 mmol) in dimethylacetamide (DMA) (2 mL) was heated in a sealed vessel
in a microwave reactor at 150 °C, 200 W for 1 h. Then the reaction was cooled down
to room temperature and added 10% HCl and extracted with EtOAc. The separated
organic layer was dried over anhydrous MgSO, and evaporated. The crude product
was purified by column chromatography, eluted with hexane to give yellow oil of
OEDOT (0.172 g, 68% vyield). [53] "H NMR (400 MHz, CDCLly): & (ppm) 6.30 (s, 2H), 4.13
(m, 2H), 3.87 (m, 1H), 1.79 - 1.18 (m, 14H), 0.88 (t, J = 6.4 Hz, 3H). (Figure A.13,
Appendix) IR (ATR, cm™): 2919.71, 2852.00, 1483.24. (Figure A.14, Appendix)

2.3.7 4,7-Dibromo-2,1,3-benzothiadiazole (DBBTD)

/S\

N N
\
Br4<:>78r

2,1,3-Benzothiadiazole (BTD) (0.501 g, 3.68 mmol) was mixed with N-
bromosuccinimide (NBS) (1.483 g, 8.464 mmol) and conc. H,SO4 (5 mL). The mixture
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was heated to 60 °C for 4 h. The reaction was cooled in ice bath and added water
(25 mL) dropwise and extracted with toluene. After separated the organic layer and
evaporated, the crude product was purified by column chromatography, eluted with
hexane to give the white solid of DBBTD (0.698 ¢, 64% yield). mp. 185-186 °C (lit. 187-
188 °C). [54-55] 'H NMR (400 MHz, CDCly): & (ppm) 7.73 (s, 2H). (Figure A.15,
Appendix) IR (ATR, cm™): 3078, 3043, 1583. (Figure A.16, Appendix) MS: m/z 291.73
(M*), 293.68 (M+2), 295.68 (M+4). (Figure A.17, Appendix)

2.3.8 1,2,3-Benzotriazole (BTZ)

A solution of o-phenylenediamine (1.08 g, 10 mmol) in glacial acetic acid (35
mL) was cooled in ice bath and added a cold solution of NaNO, (1.035 ¢, 15 mmol)
in water (20 mL). The reaction was stirred at 0 °C for 30 min and then 1 M NaOH was
added until the solution turned neutral. The product was extracted into EtOAc,
separated, evaporated and purified by column chromatography, eluted with
EtOAc:hexane (1:1) to give the product as light-yellow solid (0.761 g, 63.75 %yield).
mp. 99-101 °C (lit. 99-100 °C). [56] 'H NMR (400 MHz, CDCly): & (ppm) 7.96 (dd, J = 6.1,
2.7 Hz, 2H), 7.47 (dd, J = 6.3, 2.9 Hz, 2H). (Figure A.18, Appendix) IR (ATR, cm™):
3338, 3244, 2790. (Figure A.19, Appendix)

2.3.9 4,7-Dibromo-1,2,3-benzotriazole (DBBTZ)

BAN
N” "NH

Br~©78r

Following the same procedure as in section 2.3.7, a reaction of BTZ (0.460 g,

3.86 mmol) and NBS (1.437 g, 8.106 mmol) yielded the crude product, which was
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purified by column chromatography, eluted with EtOAc:hexane (1:1) to obtain the
white solid of DBBTZ (0.693 ¢, 65% vyield). mp. 247-252 °C (lit. 248-250 °C). [57] 'H
NMR (400 MHz, acetone-dg): & (ppm) 7.64 (s, 2H). (Figure A.20, Appendix) IR (ATR,
cm™): 3113.98, 3063.94, 3013.90, 2975.63, 2910.88, 2819.62, 1612.76, 1500.90. (Figure
A.21, Appendix) MS: m/z 275.75 (M"), 277.70 (M+2), 279.72 (M+4). (Figure A.22,

Appendix)

2.3.10 4,7-Dibromo-2-octyl-1,2,3-benzotriazole (DBOBTZ)

CgH17

DBBTZ (1.396 g, 5.04 mmol) was mixed with 1-bromooctane (1.168 g, 6.05
mmol), K,CO5 (2.089 ¢, 15.12 mmol) and DMF (5 mL). It was heated to 60 °C for 3 h
and cooled to room temperature. It was extracted with EtOAc and evaporated. The
crude product was purified by column chromatography, eluted with EtOAc:hexane
(1:19) to obtain the product as colorless oil (1.166 g, 59% vyield). [23] 'H NMR (400
MHz, CDCls): & (ppm) 7.44 (s, 2H), 4.78 (t, J = 7.4 Hz, 2H), 2.14 (dd, J = 14.3, 7.2 Hz,
2H), 1.48 - 1.08 (m, 10H), 0.87 (t, J = 6.5 Hz, 3H). (Figure A.23, Appendix) IR (ATR, cm’
1) 2949.14, 2922.65, 2849.06, 1492.07. (Figure A.24, Appendix) MS: m/z 387.53 (M"),
389.67 (M+2), 392.19 (M+4). (Figure A.25, Appendix)

2.3.11 1,4-Dibromo-2,5-bis(tert-butyldimethylsilanyloxy)benzene (5)

B .

r 0] Si
\S./ /\

>( o Br
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A mixture of 2,5-dibromobenzene-1,4-diol (0.134 ¢, 0.5 mmol), imidazole
(0.136 ¢, 2 mmol) and tert-butyl(chloro)dimethylsilane (TBSCL) (0.301 ¢, 2 mmol) in
1:1 DCM:DMF (10 mL) was stirred at room temperature for 19 h. The reaction was
quenched by 1 M NaOH and extracted with DCM. Organic layer was dried over
anhydrous MgSO, and evaporated. The crude product was purified by column
chromatography, eluted with hexane to give the product as white solid (0.133 g, 52%
yield). [58] mp. 90-91 °C. 'H NMR (400 MHz, CDCL,): 6 (ppm) 6.82 (s, 2H), 0.82 (s, 18H),
0.02 (s, 12H). (Figure A.26, Appendix) IR (ATR, cm™): 2952, 2943, 1468. (Figure A.27,
Appendix)

2.3.12 2,5-Dibromo-3,4-dinitrothiophene (DBDNT)

O,N NO,

S

3,4-Dibromothiophene (2 mL, 17.74 mmol) was added dropwise to conc.
H,SO4 (30 mL) in ice bath. The mixture was added fuming HNO; (7 mL) dropwise and
stirred at room temperature for 3 h. Then the reaction was quenched by NaHCO,
powder in ice bath. and extracted with EtOAc. Organic layer was dried over
anhydrous MgSO, and evaporated. The crude product was purified by column
chromatography, eluted with EtOAc:hexane (1:9) to obtain yellow solid (2.009 g, 34%
yield). mp. 135-138 °C (lit. 134-136 °C). [59] °C NMR (100 MHz, CDCL,): & (ppm) 139.2,
113.8. (Figure A.28, Appendix) IR (ATR, cm™): 1538, 1315. (Figure A.29, Appendix)
MS: m/z 330.68 (M), 332.63 (M+2), 334.64 (M+4). (Figure A.30, Appendix)

2.3.13 3,4-Diaminothiophene dihydrochloride (DAT.2HCL)

H,N  NH,

Z;:g - 2HCI

A mixture of DBDNT (0.996 ¢, 3 mmol) and conc. HCl (18.5 mL) was cooled in

ice bath. Sn powder (2.490 g, 21 mmol) was added in small portion to maintain the
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temperature at 25 °C and then stirred at room temperature for 2 h. The reaction was
cooled overnight in freezer. The precipitated product was filtered and washed with
diethyl ether and acetonitrile to give a light gray solid (0.319 g, 56.75 % vyield). [60]
The product in salt form cannot characterize. So, the product was changed to free
amino form by adding 0.89 M KOH and characterized with 'H NMR spectroscopy. 'H
NMR (400 MHz, CDClLy: & (ppm) 6.14 (s, 2H), 2.28 (s, 4H) ppm. (Figure A.31,
Appendix) The free amino product is very susceptible to oxidation. It must use

immediately after synthesis.

2.3.14 Thienol[3,4-b]pyrazine (TP)

Z88\!
N N

8

S

DAT.2HCL (0.523 ¢, 2.8 mmol) was dissolved in 5% Na,COs; solution (30 mL).
39% w/w glyoxal (0.45 mL, 4 mmol) was added into the solution and stirred at room
temperature for 3 h. The reaction was extracted with DCM. Organic layer was dried
over anhydrous MgSO, and evaporated. The crude product was purified by column
chromatography, eluted with EtOAc:hexane (1:1) to obtain yellow solid (0.129 g, 34%
yield). mp. 46-48 °C (lit. 47.3-48.1°C). [61] *H NMR (400 MHz, CDCLs): & (ppm) 8.50 (s,
2H), 8.02 (s, 2H). (Figure A.32, Appendix) The product is very susceptible to self-

polymerization. It must use immediately after synthesis.

2.3.15 5,7-Dibromothieno[3,4-b]pyrazine (DBTP)

A solution of TP (0.053 g, 0.39 mmol) and NBS (0.208 ¢, 1.17 mmol) in DCM

(10 mL) was stirred in ice bath under N, atmosphere for 15 min. The reaction was
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extracted with DCM, dried over anhydrous MgSO,, evaporated and purified by
column chromatography, eluted with DCM:hexane (1:1) to obtain yellow solid (0.028
g, 24% yield). mp. 204-206 °C (lit. 205 °C). [62] "H NMR (400 MHz, CDCLs): & (ppm) 8.54
(s, 2H). (Figure A.33, Appendix) MS: m/z 291.82 (M), 293.77 (M+2), 295.83 (M+4).
(Figure A.34, Appendix) The product is very susceptible to self-polymerization. It

must use immediately after synthesis.

2.3.16 2,3-Diphenylthieno[3,4-b]pyrazine (DPTP)

=&,

S

DAT.2HCL (0.187 ¢, 1 mmol), Benzil (0.231 ¢, 1.1 mmol) and EtsN (0.42 mL, 3
mmol) was dissolved in EtOH (20 mL). The mixture was stirred overnight at room
temperature. The crude product was evaporated to dry and purified by column
chromatography, eluted with EtOAc:hexane (1:9) to obtain yellow solid (0.207 g, 72%
yield). Mp 190-192 °C (lit. 190-191 °C). [63] 'H NMR (400 MHz, acetone-dg): & (ppm)
8.21 (s, 2H), 7.64 — 7.01 (m, 10H). (Figure A.35, Appendix) IR (ATR, cm™): 3082, 3055,
1439. (Figure A.36, Appendix) The product is very susceptible to self-

polymerization. It must use immediately after synthesis.

2.3.17 5,7-Dibromo-2,3-diphenylthieno[3,4-blpyrazine (DBDPTP)
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DPTP (0.230 ¢, 0.8 mmol) and NBS (0.299 g, 1.68 mmol) was dissolved in DCM
(6 mL) and stirred at room temperature for 1 h. The reaction was extracted with
DCM, dried over anhydrous MgSO,, evaporated and purified by column
chromatography, eluted with DCM:hexane (1:1) to give a greenish-yellow solid (0.218
g, 61% yield). mp. 170-172 °C (lit. 169.1-171.0 °C). [63-64] *H NMR (400 MHz, CDCly): &
(ppm) 7.57 (m, 4H), 7.52 - 7.30 (m, 6H). (Figure A.37, Appendix) °C NMR (100 MHz,
CDCL): & (ppm) 154.7, 139.4, 138.3, 1299, 129.4, 128.1, 105.0. (Figure A.38,
Appendix) IR (ATR, cm™): 3049, 1521. (Figure A.39, Appendix) MS: m/z 444.81 (M),
446.81 (M+2), 448.70 (M+4). (Figure A.40, Appendix) The product is very susceptible

to self-polymerization. It must use immediately after synthesis.

2.4 Polymers synthesis

2.4.1 Poly(2-octyl-3,4-ethylenedioxythiophene-co-1,2,4-triazole) (P1)

CgH17

OEDOT (0.076 ¢, 0.30 mmol), 3,5-dibromo-1,2,4-triazole (0.068 g, 0.30 mmol),
palladium(ll) acetate (PA(OAC),) (0.0034 g, 0.015 mmol), Copper(l) iodide (Cul) ( 0.0028
g, 0.015 mmol), K,CO5 (0.099 g, 0.72 mmol), triphenylphosphine (PPhs) (0.0079 ¢, 0.03
mmol) and pivalic acid (PivOH) (0.003 g, 0.03 mmol) were dissolved in DMA (5 mL).
The mixture was heated to 110 °C for 48 h. The reaction was cooled down to room
temperature and the solution was extracted by EtOAc. After evaporating the
separated organic layer, the crude product was purified by column chromatography,

eluted with EtOAc:hexane (1:1) to obtain the yellow solid of P1 (0.034 g, 44% yield).

OEDOT (0.062 ¢, 0.244 mmol), 3,5-dibromo-1,2,4-triazole (0.055 ¢, 0.244
mmol), tris(dibenzylideneacetone)dipalladium(0) (Pd,(dba)s) (0.0056 g, 0.0061 mmol),
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K,CO5 (0.08 g, 0.586 mmol), triphenylphosphine (PPhs) (0.0062 ¢, 0.0244 mmol) and
pivalic acid (PivOH) (0.0029 g, 0.0244 mmol) were dissolved in DMA (5 mL). The
mixture was heated to 110 °C for 72 h. The reaction was cooled down to room
temperature and the solution was extracted by EtOAc. After evaporating the
separated organic layer, the crude product was purified by column chromatography,
eluted with EtOAc:hexane (1:1) to obtain the yellow solid of P1 (0.051 g, 65% yield).
'H NMR (400 MHz, CDCls): & (ppm) 3.93 (3H), 2.43-0.89 (17H). (Figure A.41, Appendix)
IR (ATR, cm™): 2920, 2849, 1639. (Figure A.42, Appendix) MALDI-TOF MS: m/z =
894.414, 725.912. (Figure A.43, Appendix) UV-visible : A, = 259 nm, with shoulder
absorbance at 346 nm. (Figure A.44, Appendix)

2.4.2 Poly(2-octyl-3,4-ethylenedioxythiophene-co-2,1,3-benzothiadiazole)
(P2)

CgH47

A

©) 0

The mixture of OEDOT (0.203 ¢, 0.8 mmol), DBBTD (0.102 g, 0.35 mmol),
Pd(OAC), (0.009 g, 0.04 mmol), Cs,CO5 (0.632 g, 1.94 mmol), PPh; (0.021 g, 0.08 mmol)
and PivOH (0.008 g, 0.08 mmol) was dissolved in toluene (5 mL). It was refluxed for
20 h, then cooled to room temperature, extracted into DCM and evaporated. The
crude polymer was purified by two Soxhlet extractions with hexane and then
methanol to give a dark blue solid (0.110 g, 82% yield). 'H NMR (400 MHz, CDCl,): &
(ppm) 8.42 (2H), 4.30 (3H), 2.06 (2H), 1.28(12H), 0.88 (3H). (Figure A.45, Appendix) IR
(ATR, cm)): 2923, 2846, 1557, 1483. (Figure A.46, Appendix) MALDI-TOF MS: m/z =
3606.503, 2825.845. (Figure A.47, Appendix) M, (GPC) = 3114. UV-visible : A, = 630
nm. (Figure A.48, Appendix)
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2.4.3 Poly(2-octyl-3,4-ethylenedioxythiophene-co-5,6-difluoro-2,1,3-
benzothiadiazole) (P3)

OEDOT (0.0508 g, 0.2 mmol), 4,7-dibromo-5,6-difluoro-2,1,3-benzothiadiazole
(DBDFBTD) (0.033 g, 0.1 mmol), Pd,(dba); (0.002 g, 0.0025 mmol), K,CO5 (0.05 g, 0.36
mmol) and acetic acid (0.006 mL, 0.1 mmol) was mixed in DMA (5 mL). It was heated
to 110 °C for 24 h. It was then cooled to room temperature, extracted into DCM and
evaporated. The crude product was purified by two Soxhlet extractions with hexane
and then methanol to obtain the product as a red solid (0.016 g, 38% vyield). "H NMR
(400 MHz, CDCls): 6 (ppm) 4.11 (3H), 1.48 (14H), 0.87 (3H). (Figure A.49, Appendix) IR
(ATR, cm™): 2923, 2852, 1492. (Figure A.52, Appendix) MALDI-TOF MS: m/z =
2527.052, 1648.291. (Figure A.53, Appendix) M, (GPC) = 2421. UV-visible : A,y = 461
nm. (Figure A.55, Appendix)

2.4.4 Poly(2-octyl-3,4-ethylenedioxythiophene-co-1,2,3-benzotriazole)
(P4)

CgH17

~

) O

/ \
S

HN. NN

P4

A mixture of OEDOT (0.127 g, 0.5 mmol), DBBTZ (0.178 g, 0.5 mmol), Pd(OAC),
(0.006 g, 0.025 mmol), K,CO5 (0.17 g, 1.2 mmol), PPh; (0.013 g, 0.05 mmol) and PivOH
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(0.005 ¢, 0.05 mmol) was mixed in DMA (5 mL). It was heated to 110 °C for 48 h,
cooled to room temperature, extracted into DCM and evaporated. The product was
purified by column chromatography, eluted with EtOAc:hexane (1:4) to obtain the
yellow solid of P4 (0.693 g, 65% yield). *H NMR (400 MHz, CDCls): & (ppm) 7.55 (2H),
4.26 (3H), 1.25 (14H), 0.89 (3H). (Figure A.56, Appendix) IR (ATR, cm™): 2923, 2852.
(Figure A.57, Appendix) MALDI-TOF MS: m/z = 2212.910, 1245.524. (Figure A.58,
Appendix) UV-visible : Apa = 293 nm, with shoulder absorbance at 331 nm. (Figure
A.59, Appendix)

2.4.5 Poly(2-octyl-3,4-ethylenedioxythiophene-co-2-octyl-1,2,3-

benzotriazole) (P5)

CgH17

~

OEDOT (0.127 g, 0.5 mmol), DBOBTZ (0.195 g, 0.5 mmol), Pd(OAC), (0.006 g,
0.025 mmol), Cs,CO5 (0.39 ¢, 1.2 mmol), PPh; (0.013 ¢, 0.05 mmol) and PivOH (0.005
g, 0.05 mmol) was mixed in toluene (5 mL). The reaction was heated to reflux for 22
h. Then it was cooled to room temperature, extracted into DCM and evaporated. The
polymer was purified by two Soxhlet extractions with hexane and then methanol to
obtain the red solid of P5 (0.224 g, 87.5% vyield). 'H NMR (400 MHz, CDCls): & (ppm)
8.10 (2H), 4.87 (2H), 4.42 (2H), 4.09 (1H), 2.29 (2H), 1.28 (12H), 0.86 (3H). (Figure A.60,
Appendix) IR (ATR, cm™): 2920, 2852, 1566, 1504. (Figure A.61, Appendix) MALDI-
TOF MS: m/z = 5306.861, 2488.815. (Figure A.62, Appendix) M, (GPC) = 3670. UV-
visible : Apax = 506 nm. (Figure A.63, Appendix)
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2.4.6 Poly(2-octyl-3,4-ethylenedioxythiophene-co-1,4-bis(tert-
butyldimethylsilanyloxy)benzene) (P6)

CgH47

0 O OTBS

|\
S

TBSO n
TBS = tert-butyldimethylsilyl
Pé6

OEDOT (0.073 g, 0.29 mmol), compound 5 (0.144 g, 0.29 mmol), Pd,(dba);
(0.0064 g, 0.007 mmol), Cs,CO5 (0.203 g, 0.624 mmol), PPh; (0.0075 g, 0.029 mmol)
and PivOH (0.003 g, 0.029 mmol) were dissolved in toluene (5 mL). The mixture was
heated to reflux for 48 h. The reaction was cooled down to room temperature and
the solution was extracted by DCM. After evaporating the separated organic layer,
the crude product was purified by column chromatography, eluted with
EtOAc:hexane (1:4) to obtain the brown solid of P6 (0.693 g, 65% yield). "H NMR (400
MHz, CDCLs): & (ppm) 6.56-6.26 (2H), 4.12 (2H), 3.88 (1H), 2.43- 1.06 (14H), 0.89 (21H),
0.10 (12H). (Figure A.64, Appendix) IR (ATR, cm™): 2949, 2923, 2849, 1463. (Figure
A.65, Appendix) MALDI-TOF MS: m/z = 2983.895, 2964.360. (Figure A.66, Appendix)
UV-visible : Ay = 296 nm, with shoulder absorbance at 353 nm. (Figure A.67,

Appendix)

2.4.7 Poly(2-octyl-3,4-ethylenedioxythiophene-co-benzoquinone) (P7)

CgH17

0] 0 0

[\
S

P7
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Polymer P6 (0.013 g, 0.022 mmol), KF (0.0038 ¢ 0.044 mmol), 33% HBr (0.011
mL, 0.044 mmol), tetrabutylammonium bromide (TBAB) (0.007 g, 0.0022 mmol) and
2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) (0.005 ¢, 0.022 mmol) was dissolved in
5 mL DCM:DMF (1:1). The mixture was stirred at room temperature for 48 h. Then it
was extracted into DCM and evaporated. The product was purified by column
chromatography, eluted with EtOAc:DCM (1:4) to obtain the brown solid (0.006 g,
76% yield). 'H NMR (400 MHz, CDCL,): 6 (ppm) 5.45-4.73 (2H), 4.47-3.23 (3H), 1.97
(2H), 1.28 (12H), 0.81 (3H). (Figure A.68, Appendix) IR (ATR, cm™): 2952, 2931, 2852,
1725, 1707, 1465. (Figure A.69, Appendix) MALDI-TOF MS: m/z = 829.665, 580.343.
(Figure A.70, Appendix) UV-visible : A, = 289 nm, with shoulder absorbance at 336
nm. (Figure A.71, Appendix)

2.4.8 Poly(2-octyl-3,4-ethylenedioxythiophene-co-3,4-dinitrothiophene)
(P8)

CgH47

O] O

I\ s
ST\
n
o,N  NO,
P8

OEDOT (0.076 g, 0.3 mmol), DBDNT (0.0996 g, 0.3 mmol), Pd(OAC), (0.003 g,
0.015 mmol), Cs,CO5 (0.234 g, 0.72 mmol) and PivOH (0.0015 ¢, 0.015 mmol) were
dissolved in toluene (5 mL). The reaction was heated to reflux for 2 h. After heating,
DBDNT disappeared in TLC and only orange precipitate was obtained. This product

was later identified not to be the desired polymer P8.
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2.4.9 Poly(2-octyl-3,4-ethylenedioxythiophene-co- thieno[3,4-b]pyrazine)
(P9)

OEDOQT (0.012 g, 0.048 mmol), DBTP (0.014 ¢, 0.047 mmol), Pd(OAC), (0.0005 g,
0.0024 mmol), Cs,CO5 (0.038 ¢, 0.1152 mmol), PPh; (0.0012 g, 0.0048 mmol) and
PivOH (0.0005 g, 0.0048 mmol) were dissolved in toluene (5 mL). The mixture was
heated to reflux for 24 h. The reaction was cooled down to room temperature and
was extracted by DCM. After evaporating the separated organic layer, the crude
product was purified by Soxhlet extraction with hexane to obtain the product as a
dark green solid (0.003 g, 16% vyield). "H NMR (400 MHz, CDCl,): & (ppm) 8.77 (2H), 7.49
(1H), 4.64 - 3.23 (3H), 1.19 (14H), 0.81 (3H). (Figure A.72, Appendix) UV-visible : Ay
= 845 nm. (Figure A.73, Appendix)

2.4.10 Poly(2-octyl-3,4-ethylenedioxythiophene-co-2,3-diphenyl-
thieno[3,4-b]pyrazine) (P10)

CgH17

—~

O O
[\ )
S \ /
n
N N

>\_/<

Ph Ph
P10

OEDOT (0.073 g, 0.29 mmol), DBDTP (0.035 g, 0.075 mmol), Pd,(dba)s (0.02 g,
0.0019 mmol), Cs,CO5 (0.058 g, 0.18 mmol), PPhs (0.002 g, 0.0075 mmol) and PivOH
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(0.0008 g, 0.0075 mmol) were dissolved in toluene (5 mL). The reaction was heated
to reflux for 20 h. Then it was cooled to room temperature, extracted into DCM and
evaporated. The crude product was purified by Soxhlet extraction with hexane to
obtain the product as a dark green solid (0.016 g, 34% yield). 'H NMR (400 MHz,
acetone-dg): 6 (ppm) 7.78 — 6.63 (10H), 4.91 - 3.13 (3H), 1.72 — 0.87 (14H), 0.75 (3H).
(Figure A.74, Appendix) IR (ATR, cm™): 2914, 2849, 1483, 1439. (Figure A.75,
Appendix) M, (GPC) = 1886. UV-visible : A, = 958 nm. (Figure A.76, Appendix)

2.5 Molar extinction coefficient
2.5.1 Molar extinction coefficient of UV-visible absorption

The polymer P2 solutions were prepared in five concentration: 0.02, 0.04,
0.06, 0.08, and 0.10 mM. The polymer P5 solutions were prepared in five
concentration: 0.02, 0.03, 0.04, 0.05, and 0.06 nM. All solutions were measured the
absorbance values at 630 nm for P2 and 506 nm for P5. The data were plot into

liner graph between absorbance and concentration by Microsoft Excel.

2.5.2 Molar extinction coefficient of fluorescence emission

The polymer P5 solutions were prepared in four concentration: 0.005, 0.01,
0.015, and 0.02 mM. All solutions were measured the intensity values at 610 nm. The
data were plot into liner graph between intensity and concentration by Microsoft

Excel.
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RESULTS AND DISCUSSION

3.1 Monomer synthesis
3.1.1 Diethyl thiodiglycolate (1)

O Na,S.9H,0,acetone 0 O

Cl\)kOEt EtO)K/ S\)kOEt

1

reflux 3 h

Scheme 3.1 Synthesis of diethyl thiodiglycolate (1)

Compound 1 was synthesized in 62% yield from double substitution reaction
between sodium sulfide and ethyl chloroacetate. (Scheme 3.1) The 'H NMR
spectrum showed the singlet signal at 3.24 ppm of the methylene protons, and the
quartet and triplet signals of the ethyl groups at 4.05 and 1.16 ppm, respectively.
(Figure A.1, Appendix) The C NMR (Figure A.2, Appendix) spectrum also

confirmed the structure with the signals that matched those in a previous report. [49]

3.1.2 Diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate (2)

HO OH
O 0 1. NaOEt, 0.5 h

Etoks\)J\OEt }

/ \
2. (CO4Et),, reflux 3 h EtOOC~ g~ ~COOEt
1 2

Scheme 3.2 Synthesis of diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate (2)

Compound 2 was successfully synthesized in 76% yield through Hinsberg
reaction. [65] (Scheme 3.2) The mechanism of this reaction is the consecutive
Claisen condensation reactions of compound 1 and diethyl oxalate to produce a
diketone compound, which readily tautomerizes to dihydroxythiophene of product 2.
(Scheme 3.3) The 'H NMR spectrum exhibited a broad singlet signal of -OH group at
9.35 ppm and signals of ethyl groups at 4.39 and 1.36 ppm. (Figure A.3, Appendix)
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The C NMR spectrum showed the B-C-OH at 151.6 ppm, and the carbonyl carbon at
165.5 ppm. (Figure A.4, Appendix) The IR spectrum displayed a broad peak of —OH
stretching at 3305 cm™. (Figure A.5, Appendix) [50]

0 o}
S
Eto)% \)kOEt o (oEt 3 CO,Et
0 s 0 CO,Et
E(O 0 CO,Et 2
jéJ\OEt

o o
OEt
Q 0
NP E10. 1< ° Ef/ )
Et0,C~\g~ ~CO,Et EtO,C~ \g~ ~CO,Et s
tautomerize
HO  OH

/ \
Et0,C~ g~ ~CO,Et

Scheme 3.3 Mechanism of Hinsberg reaction

3.1.3 1,2-Dibromodecane

liquid Br, Br
NN > BI‘\)\/\/\/\/
= CH,Cl,, rt

Scheme 3.4 Synthesis of 1,2-dibromodecane

1,2-Dibromodecane was prepared from bromination of 1-decene in excellent
yield. (92%, Scheme 3.4 ) The structure of product was confirmed with 'H NMR

spectrum. (Figure A.6, Appendix) [51]
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3.1.4 Diethyl 2-octyl-2,3-dihydrothieno[3,4-b][1,4]dioxine-5,7-
dicarboxylate (3)

CgH17
HO OH 1,2-dibromodecane 0 o)
DMAP, n-BusN
/) DMF, 100 °C, 24 h - /)
EtOOC™ g~ ~COOEt ' ' EtOOC™ ~g~ ~COOEt

3

Scheme 3.5 Synthesis of diethyl 2-octyl-2,3-dihydrothieno[3,4-b][1,4]dioxine-5,7-

dicarboxylate (3)
Compound 2 reacted with 1,2-dibromodecane presumably via Sy2
mechanism to produce compound 3. (Scheme 3.5) The conditions for several

attempted synthesis of compound 3 were shown in Table 3.1.

Table 3.1 Conditions for the synthesis of compound 3

Entry Solvent Catalyst Temperature (°C) %yield
1 ACN none 82 no reaction
2 ACN DMAP 82 0.51
3 DMF DMAP 85 23.7
q DMF DMAP 100 28.1
5 DMF DMAP 120 21.7

The mixture in ACN without catalyst resulted in no reaction (Entry 1, Table
3.1), while the presence of DMAP gave the product 3 in low yield. (Entry 2, Table
3.1) Comparison between the two solvents, the reaction using DMF gave higher yield.
The best temperature was at 100 °C, giving the product up to 28.1 %yield. (Entries 3-

5, Table 3.1) Lower temperature gave lower yield due to uncompleted reaction.
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Higher temperature at 120 °C might cause the reactant or the product to partly
decompose and reduce the product yield. However, the product yield was still low.
Increasing the reaction time or increasing the equivalent of 1,2-dibromodecane might
solve this problem. Its 'H NMR spectrum showed multiplet signals at 4.40 and 4.05
ppm from CH, of ethyl group and ethylenedioxy group (-O-CH,-CH-O-), and signals at
1.81-1.43 and 0.89 ppm from CHj; of ethyl group and octyl group. (Figure A.7,
Appendix) The >C NMR spectrum exhibited two carbonyl carbon signals at 161.0
and 160.9 ppm together with all signals of other carbons in the rest of the structure.
(Figure A.8, Appendix) The IR spectrum showed a carbonyl C=0 stretching peak at
1698 cm™ and aromatic C=C stretching peak at 1503 cm™. (Figure A.9, Appendix)
[52]

3.1.5 2-Octyl-2,3-dihydrothieno [3,4-b][1,4]dioxine-5,7-dicarboxylic acid

(4)
CgHi7 CgH17
O O O O
1M NaOH, EtOH
/ refux3h [
EtOOC~ g~ ~COOEt = HOOC~ g~ ~COOH
q

Scheme 3.6 Synthesis of 2-octyl-2,3-dihydrothieno [3,4-b][1,4]dioxine-5,7-dicarboxylic
acid (4)

Compound 4 was synthesized in high yield (92% yield) from basic hydrolysis
of compound 3. (Scheme 3.6) The structure of the product was confirmed by 'H
NMR spectrum (Figure A.10, Appendix) and “C NMR spectrum (Figure A.11,
Appendix) by with disappearance of the ethyl group signals of the starting material
3, supporting the successful and complete hydrolysis. The IR spectrum also
displayed strong broad band of carboxylic -OH stretching peak. (Figure A.12,
Appendix) [52]
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3.1.6 2-Octyl-3,4-ethylenedioxythiophene (OEDOT)

CgHi7 CgHy7

~

O O o o0
DBU,DMA
/ \ o /A
HOOC~ ~g” ~COOH  MW150°C, 1h S
q

Scheme 3.7 Synthesis of 2™-octyl-3,4-ethylenedioxythiophene (OEDOT)

OEDOT was successfully synthesized in 68% yield from decarboxylations of
compound 4. (Scheme 3.7) The reaction was heated in a sealed vessel in a
microwave reactor at 150 °C. The 'H NMR spectrum showed the signal of a-protons
on the thiophene ring at 6.30 ppm, the signals of three protons on ethylenedioxy
group at 4.13 and 3.87 ppm, and the signals at 1.79 - 1.18 and 0.88 ppm of the
hydrocarbon chain of the octyl group. (Figure A.13, Appendix) [53]

3.1.7 4,7-Dibromo-2,1,3-benzothiadiazole (DBBTD)

\ NBS, conc. HZSO4‘ \
O T O

Scheme 3.8 Synthesis of 4,7-dibromo-2,1,3-benzothiadiazole (DBBTD)

DBBTD was prepared in 64% yield from bromination of BTD using the method
modified from a previous report. [54] (Scheme 3.8) The 'H NMR spectrum exhibited
singlet signal of the only one type of protons in benzene ring at 7.73 ppm. (Figure

A.15, Appendix)
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3.1.8 1,2,3-Benzotriazole (BTZ)

HoN - NHz  NaNo,, AcOH
5 e )

Scheme 3.9 Synthesis of 1,2,3-benzotriazole (BTZ)

BTZ was prepared in 63.75% yield from diazotization of o-phenylenediamine
followed by cyclization of the diazo intermediate. (Scheme 3.9) The structure of the
product was confirmed by the 'H NMR spectrum that showed the two expected
signals of protons on the benzene ring at 7.96 and 7.47 ppm. (Figure A.18,
Appendix) [56]

3.1.9 4,7-Dibromo-1,2,3-benzotriazole (DBBTZ)

N N

~ PN

NBS, conc. H,SO4 N™ NH
ol e

Scheme 3.10 Synthesis of 4,7-dibromo-1,2,3-benzotriazole (DBBTZ)

DBBTZ was synthesized in 65% vyield through bromination of BTZ using the
same method and condition as those of DBBTD synthesis in section 3.1.7. (Scheme
3.10) The 'H NMR spectrum exhibited the singlet signal of the protons on the
benzene ring at 7.64 ppm. (Figure A.20, Appendix) The chemical shift of this signal

matched well with the data from literature. [57]
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3.1.10 4,7-Dibromo-2-octyl-1,2,3-benzotriazole (DBOBTZ)

CgH17

N NG
N~ NH N N

1-bromooctane, K,CO4 . \ /
Br4©78r DMF, 60 °C, 3 h Br—OfBr

Scheme 3.11 Synthesis of 4,7-dibromo-2-octyl-1,2,3-benzotriazole (DBOBTZ)

DBOBTZ was successfully synthesized in 59% vyield from nucleophilic
substitution reaction of DBBTZ and 1-bromooctane. (Scheme 3.11) The 'H NMR
showed the singlet signal of the protons on the benzene ring at 7.44 ppm, and
signals of octyl group on the triazole ring at 4.78, 2.14, 1.48-1.08 and 0.87 ppm.
(Figure A.23, Appendix) [23]

3.1.11 1,4-Dibromo-2,5-bis(tert-butyldimethylsilanyloxy)benzene (5)

B H B B
rﬁo TBSCI, imidazole rj@[O S
o . 1:1 DCM:DMF, BS0

it 19 h Br
5

Scheme 3.12 Synthesis of compound 5

Compound 5 was synthesized in 52% yield from nucleophilic substitution
reaction of TBSCl with 2,5-dibromobenzene-1,4-diol. (Scheme 3.12) The 'H NMR
spectrum exhibited the singlet signal of the 2 protons on the benzene ring at 6.82
ppm, the singlet signal of tert-butyl group at 0.82 ppm, and the singlet signal of
methyl group at 0.02 ppm. (Figure A.26, Appendix). [58]

3.1.12 2,5-Dibromo-3,4-dinitrothiophene (DBDNT)

, O,N NO,
fuming HNO3

Br/@\Br conc. HySOy, rt, 3 hr BrmBr

S S

Scheme 3.13 Synthesis of 2,5-dibromo-3,4-dinitrothiophene (DBDNT)
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DBDNT was synthesized in 34% yield from nitration of 3,4-dibromothiophene.
(Scheme 3.13) The structure of the product was confirmed by IR spectrum showing
strong and sharp peaks at 1538 and 1315 cm™, corresponding to the N-O stretching
from the nitro groups. (Figure A.29, Appendix) The *C NMR spectrum displayed the
signals of the two carbons of the symmetric thiophene ring at 139.2 and 113.8 ppm.
(Figure A.28, Appendix) [59]

3.1.13 3,4-Diaminothiophene dihydrochloride (DAT.2HCL)
O,N NO H->N NH
Z/Z_§\ 2 Sn,conc. HCI 2 ?\_/< 2
Br / \ Br <25 OC,2h /S\ * 2HCI

Scheme 3.14 Synthesis of 3,4-diaminothiophene dihydrochloride (DAT.2HCL)

DAT.2HCL was prepared from reduction of DBDNT with tin powder in acidic
condition. (Scheme 3.14) The product was filtered after freezing the reaction
mixture overnight. DAT.2HCl was added 0.89 M KOH to produce free amino form
before characterization. The 'H NMR spectrum of 3,4-diaminothiophene exhibited the
signal of two protons in thiophene ring at 6.14 ppm, and the signal of four protons

on amino groups at 2.28 ppm. (Figure A.31, Appendix) [60]

3.1.14 Thienol[3,4-b]pyrazine (TP)

7
HaN - NH 5% NaHCO; N N
;/ \< cong)  9voxalrt, 3h ;/ \<
S S

Scheme 3.15 Synthesis of thieno[3,4-b]pyrazine (TP)

The core structure of TP was prepared from one-pot condensation of DAT
and 1,2-dicarbonyl compound. (Scheme 3.15) In this case, DAT.2HCl was neutralized
with NaHCO; to convert to its free base thiophene-3,4-diamine, which readily

condensed with glyoxal to give the TP product in 34% yield. The 'H NMR spectrum
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showed the singlet signal of the two protons on the pyrazine ring at 8.50 ppm, and
the singlet signal of the protons on the thiophene ring at 8.02 ppm. (Figure A.32,
Appendix) [61]

3.1.15 5,7-Dibromothieno[3,4-blpyrazine (DBTP)

7\ 7N\
N N NBS, DCM . N N
2/ \; 0°C, 15 min ﬂ\
S Br S Br

Scheme 3.16 Synthesis of 5,7-dibromothieno[3,4-blpyrazine (DBTP)

DBTP was synthesized from mild bromination of TP. (Scheme 3.16) The
product was obtained in low yield (24 %), presumably because DBTP could be prone
to self-polymerization evidenced by the presence of insoluble red solid obtained
during the reaction and the purification processes. The signals of the protons on the
thiophene ring disappeared in the 'H NMR spectrum of the product, which showed
only the signals of the proton on the pyrazine ring at 8.54 ppm, (Figure A.33,
Appendix) indicating that TP was successfully brominated. [62]

3.1.16 2,3-Diphenylthieno[3,4-b]pyrazine (DPTP)

Ph  Ph
7\
HoN NH; Et;N, benzil N N
Z/ \g .onc)  EtOH,rt, 12h 2/ \;
S S

Scheme 3.17 Synthesis of 2,3-diphenylthieno[3,4-blpyrazine (DPTP)

Similar to TP, DPTP was synthesized in 72% vyield from neutralization of
DAT.2HC|, following by condensation with benzil. (Scheme 3.17) The 'H NMR
spectrum showed the singlet signal of protons on the thiophene ring at 8.21 ppm

and those of the phenyl groups at 7.64-7.01 ppm. (Figure A.35, Appendix) [63]
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3.1.17 5,7-Dibromo-2,3-diphenylthieno[3,4-b]pyrazine (DBDPTP)

Ph Ph Ph Ph
N:/ \iN N:/ \iN
NBS,DCM
Z/ \g rt, 1h ﬂ
S Br S Br

Scheme 3.18 Synthesis of 5,7-Dibromo-2,3-diphenylthieno[3,4-b]pyrazine (DBDPTP)

DBDPTP was successfully synthesized in 61% yield from bromination of DPTP
following a modification of the method from the literature. [64] (Scheme 3.18) The
'H NMR spectrum exhibited the signals of the protons on the phenyl groups at 7.57
and 7.52-7.30 ppm, with the absence of the signals of protons on the thiophene ring.
(Figure A.37, Appendix) All signals of the >C NMR spectrum matched well with that
from the literature. [64] (Figure A.38, Appendix)

3.2 Polymer synthesis

3.2.1 Poly(2-octyl-3,4-ethylenedioxythiophene-co-1,2,4-triazole) (P1)

CgH17

CgHi7 /—<
g o
g o
. Br\(NYBr Pd2(dba)3! KZCO3, PPh3 . / \ N
Z/ \; N_NH  PIVOH, DMA, 110°C, 72 h g7 ¢ Y
s N—NH
n
OEDOT DBTZ P1

Scheme 3.19 Synthesis of poly(2'-octyl-3,4-ethylenedioxythiophene-co-1,2,4-triazole)
(P1)

TZ and OEDOT were selected to be the first pair of the starting precursors of
the synthesis of polymer P1. (Scheme 3.19) The first attempted reaction used
PdA(OAc), as the catalyst. (Entry 1, Table 3.2) The reaction was heated to 110 °C for
48 h. The expected product P1 was unfortunately not observed in this case. Using

the conditions adopt from a literature [66] (Entry 2, Table 3.2) with Cul added into
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the reaction as a co-catalyst, the reaction completed in 48 h generating the product
P1 in 44% vyield. The catalytic cycle of mechanism of Pd/Cu-catalyzed direct
arylation was proposed in Scheme 3.20. When more reactive catalyst Pd,(dba); was
used, the reaction could proceed without Cul co-catalyst and produced the product

P1 in better yield of 65%, (Entry 3, Table 3.2) although with longer reaction time.

Table 3.2 Conditions for the synthesis of polymer P1

Entry Catalyst Additive Time (h) %yield
1 Pd(OAQ), - 48 no reaction
2 Pd(OACQ), Cul 48 44
3 sz(dba)g - 72 65
CgH17 C.H
817
O I—n —
X\ Pd N 0
() \\ \W Br
S N-NH \ \7/Br
CuBr H
/_<CBH17 /_<CsH17
0 Cu()X
_Pd
e

N
N Br% YBr
N—NH

Scheme 3.20 The mechanism of Pd/Cu-catalyzed direct arylation between DBTZ and
OEDOT

The UV-visible spectrum of the polymer P1 solution in CH,Cl, exhibited a
week absorption over 700 nm and a shoulder absorption band at 346 nm. The

unexpected low wavelength and intensity of the absorbance due perhaps to the
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non-conjugated system of 1H-tautomers of the triazole rings backbone of polymer.
(Structure A, Scheme 3.21) This problem could be solved by protonations on the
triazoles and tautomerization to give the form that allows full-conjugation of the =-

system along the chain. (Structure B, Scheme 3.21)

CgH17 :CaH17 CgHq7 :CsH17 CgHq7 CgH47
(6] (0] + O (6] (e} O (e} (6] (e} O
1 i . i
TN N N, T N e Y MYN B
"% s VO s % g \ O s % g \ s %
- N—NH N—NH
+
A B

Scheme 3.21 Protonation and tautomerization of the triazole ring in polymer P1

Upon protonation with trifluoroacetic acid (TFA), the UV-visible absorption of
P1 showed a new A, at 488 nm. The intensity of this absorption band increased as
more TFA was added. (Figure 3.1) The color of this solution changed from green to
red-brown. When this acidic solution was neutralized by K,COs, the absorption at 488
nm disappeared and the spectrum returned to the original spectrum of the solution
before protonation. (Figure 3.2) This result supported the hypothesis of a reversible

acid-base reaction that occurred on the triazole rings of the polymer.

—P1

S 15 | P1 + 1 drop of TFA
<

o ——P1 + 2 drops of TFA
c 1

8

é ——P1 + 3 drops of TFA
2 05

——P1 + 4 drops of TFA

0 ——P1 + 5 drops of TFA

4 7 1
300 00 500 600 00 800 900 000 P1 + 6 drops of TFA

Wavelength (nm)

Figure 3.1 The UV-visible absorption spectra of polymer P1 solution in CH,Cl, with
addition of TFA
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15 P1 + TFA
g —_P1 + TFA add K,COs
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300 400 500 600 700 800 900 1000

Wavelength (nm)
Figure 3.2 The UV-visible absorption spectra of polymer P1 solution upon

protonation and after neutralization.

In addition, when the polymer P1 solution was kept under ambient light for
one day, the UV-visible absorption of the solution changed to show a new
absorption band around 500 nm, with the absorption at 752 nm disappeared. (Figure
3.3) This photosensitivity was also observed on the protonated form of P1 solution.
When the protonated P1 solution was similarity kept under ambient light, a new
absorption at 741 nm appeared in UV-visible absorption spectrum. (Figure 3.4) Both
changes on the absorption of the solution did not reverts back to the original
spectra, indicating irreversible processes. The first process may involve a kind of
photo-induced degradation of the polymer to shorter chain length, as evidenced by
hypsochomic shift of its Ay value. The second process may instead be an
elongation process, since the A, shift went to the opposite direction. Unfortunately,
just these changes in UV-visible spectra were not enough to give any more clues to

the chemical processes that actually occurred.
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Figure 3.3 UV-visible absorption spectra of polymer P1 solution exposed to ambient

light

2
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Figure 3.4 UV-visible absorption spectra of protonated polymer P1 solution exposed

to ambient light

The photosensitivity of P1 had become a problem in the study. Even though
polymer P1 was stored in dark, it was inescapably exposed to ambient light during
transfer processes. Gradual shift of the A, in the UV-visible absorption of P1 + TFA

solution from 488 to 443 nm was found in one example that was briefly exposed to

light. (Figure 3.5).
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2
P11 + TFA
1.5
’<5E‘ / P1 + TFA briefly exposed to
Y light
c 1
©
2
2
Q
<
0.5
—
0
300 350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 3.5 A shift of A, of the UV-visible absorption spectra of protonated polymer
P1 solution briefly exposed to ambient light

Another unexpected situation was found, when solution of polymer P1 was
kept expose to air for 1 week, a new absorption peak appeared in UV-visible
absorption spectrum at 927 nm. (Figure 3.6) It’s possible that oxidation of triazole
rings of polymer P1 occurred and shifted the position of m-bonds in triazole ring to
the tautomers that improved the m-conjugated system. This air oxidation was not
occurred in protonation form of P1 solution, as its spectrum remain the same.
(Figure 3.7) When this air-exposed P1 + TFA solution was neutralized, the UV-visible

spectrum showed the original absorption at 757 nm of the neutral form of polymer.
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Figure 3.6 Effect of air oxidation on the UV-visible absorption spectra of polymer P1

solution
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Figure 3.7 Effect of air oxidation on the UV-visible absorption spectra of polymer P1

solution + TFA
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3.2.2 Poly(2-octyl-3,4-ethylenedioxythiophene-co-2,1,3-benzothiadiazole)

(P2)
CgH17
CgH17 —~
~ s R
o 0O . NN Pd(OAC);, Cs;,C03, PPNy [ Y
Z/ \; BrAO,Br PivOH, toluene, rf 20 h S
X
S N_ _N-n
\S/
OEDOT DBBTD P2

Scheme 3.22 Synthesis of poly(2-octyl-3,4-ethylenedioxythiophene-co-2,1,3-
benzothiadiazole) (P2)

The polymer P2 was prepared by DArP of OEDOT and DBBTD. (Scheme 3.22)
The first condition of this preparation used OEDOT and DBBTD in equal equivalence
by mole. (Entry 1, Table 3.3) Considering integration in 'H NMR spectrum of P2, the
broad signal around 8 ppm represent the two protons on the benzene rings of BTD
units in the polymer, and the signal around 4 ppm represent the three protons of
the ethylenedioxy group of OEDOT. This information was used to identify the relative
incorporation of OEDOT and BTD in the structure of the polymer product. The DArP
of OEDOT and DBBTD in equal ratio by mole gave the integrations in 'H NMR
spectrum of the resulted product P2 corresponding to a random copolymer with the
ratio of OEDOT : BTD = 1 : 2.3. (Figure 3.8a) When OEDOT was increased to the ratio
of OEDOT : DBBTD = 2.3 : 1, (Entry 2, Table 3.3) the integration of 'H NMR spectrum
of this second product presented the desired 1 : 1 ratio of the two monomeric units,

likely to correspond to an alternating copolymer. (Figure 3.8b)
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Table 3.3 Conditions for the synthesis of polymer P2

Entry Starting OEDOT :  Incorporated ratios of %yield Anax (nm)

DBBTD ratios OEDOT : BTD units
1 1:1 1:23 59 589
2 23:1 1:1 82 630
(A) (B)

T T T T T T b G | T T =, T T T T T T

T T T T
88 86 84 82 80 78 76 74 45 44 42 40 38 86 84 B2 46 44 42 40

Figure 3.8 Partial 'H NMR spectra of P2 from 2 synthetic conditions

The UV-visible spectra of P2 products from 2 conditions exhibited A, at 589
and 630 nm from the obtained random and alternating copolymers, respectively.
This result supported that optical property of alternating donor-acceptor copolymers
should be better than random copolymers. The Mass of second P2 polymer product
from MALDI-TOF MS spectrum showed m/z of 3606.503, corresponded to

approximately 9 repeating donor-acceptor units in the structure.
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3.2.3 Poly(2-octyl-3,4-ethylenedioxythiophene-co-5,6-difluoro-2,1,3-
benzothiadiazole) (P3)

CgH
/_<817 O/_<OF .

NN Pdj(dba); , K,COs, T
By ACOH,DMA, 110°C 24 h S

\J

OEDOT DBDFBTD P3

Scheme 3.23 Synthesis of poly(2™-octyl-3,4-ethylenedioxythiophene-co-5,6-difluoro-
2,1,3-benzothiadiazole) (P3)

Polymer P3 was first synthesized from DArP between OEDOT and DBDFBTD
(Scheme 3.23) using the same condition as the synthesis of P2 in section 3.2.2.
(Entry 1, Table 3.4) The reaction was however, gave the desired product in only 5%
yield. The 'H NMR spectrum showed the signal of the protons on the ethylenedioxy
group of OEDOT at 4.11 ppm. (Figure A.49, Appendix) The structure of the product
was confirmed with F NMR spectrum that showed signals of fluorine nuclei of
DFBTD units at -120.04, -120.06, -122.81 and -123.05 ppm. (Figure A.50, Appendix)
The UV-visible spectrum of the product showed only a shoulder absorption around
400 nm. (Figure A.54, Appendix) Polymer P3 was re-synthesized following the
condition from a report from Scherf and coworkers. [67] (Entry 2, Table 3.4) This
reaction improved and gave the polymer P3 in 38% yield. The F NMR spectrum
showed multiplet signals of fluorine nuclei in DFBTD at -118.06, -119.16, -119.57, -
123.46 and -124.57 ppm. (Figure A.51, Appendix) UV-visible absorption spectrum of
the product showed A, at 461 nm (Figure A.55, Appendix), which also improved
over the product from the first condition. The m/z obtained from MALDI-TOF MS of
2527.052 corresponded to approximately 6 repeating donor-acceptor units in the

structure.
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Table 3.4 Conditions for the synthesis of polymer P3

Entry  Catalyst Base Acid Solvent %yield Arax (NnM)
1 Pd(OAc),  Cs,COs PivOH  toluene 5 shoulder ~400
2 Pd(dba); K, COs;  AcOH DMA 38 461

Comparing to polymer P2, the much lower A, value of P3 suggested that
the difluoro groups have little or even no influence on the band gap of the polymer,
[68] while in this case, shorter conjugation length from shorter polymer chain length

lowered the A, value in comparison to the non-fluorinated P2 polymer.

3.2.4 Poly(2-octyl-3,4-ethylenedioxythiophene-co-1,2,3-benzotriazole)
(Pa)

CgH17

HN_ _N-n

CSH17 <
0] 6]
Pd OAC 2, K2003 PPh3
; ; 4@ PivOH, DMA, 110 °C, 48 h /S\
NG
OEDOT DBBTZ P4

Scheme 3.24 Synthesis of poly(2-octyl-3,4-ethylenedioxythiophene-co-1,2,3-

benzotriazole) (P4)

Polymer P4 was synthesized from DArP of OEDOT and DBBTZ. (Scheme 3.24)
The structure of the product was confirmed with 'H NMR spectrum that showed the
signal of the 2 protons on the benzene rings of the BTZ units at 7.55 ppm, and the
signal of the 3 protons on the ethylenedioxy group in OEDOT at 4.26 ppm. (Figure
A.56, Appendix) The optical property of the polymer exhibited a disappointedly
low absorption at A, = 331 nm in its UV-visible spectrum. (Figure A.59, Appendix)
It is postulated that BTZ may be a rather poor acceptor to induce an effective

conjugation along the polymer chain. From MALDI-TOF MS spectrum, P4 exhibited a
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molecular weight of 2212910, corresponded to approximately 6 repeating donor-

acceptor units.

3.2.5 Poly(2-octyl-3,4-ethylenedioxythiophene-co-2-octyl-1,2,3-

benzotriazole) (P5)

CgH
CSH17 C8H17 G
(o] 0]
d(OAc),, Cs,CO3, PPh3
; ; @7 PivOH, toluene, rf 22 h j /S\
!\
N_ _N-Nn
\
CgH17
OEDOT DBOBTZ P5

Scheme 3.25 Synthesis of poly(2-octyl-3,4-ethylenedioxythiophene-co-2-octyl-1,2,3-

benzotriazole) (P5)

The poor optical property of P4 may be improved with the presence of an
alkyl substituted BTZ at N2 to lock the m-bond in the tautomer that allows better
conjugation to the backbone, similar to that of BTD. (section 3.2.2) Polymer P5 was
successfully synthesized from DArP of OEDOT and DBOBTZ. (Scheme 3.25) The
reaction gave the product as red solid in excellent 87.5% vyield. The 'H NMR
spectrum displayed the signal of 2 protons of the benzene rings and the 2 protons of
-N-CH,- on the OBTZ units at 8.10 and 4.87 ppm, respectively. The signal of the
ethylenedioxy group in OEDOT was also present at 4.42 ppm. (Figure A.60,
Appendix) UV-visible absorption spectrum of P5 showed the A, at 506 nm, much
higher than P4. (Figure A.63, Appendix) The high molecular weight of 5306.861 was
observed in its MALDI-TOF MS spectrum of polymer P5, corresponding to

approximately 11 repeating donor-acceptor units.

The observation of improved synthetic efficiency and optical property is
possibly due to the lower aromaticity of OBTZ upon forming the quinoid resonance

structure in the conjugated polymeric chain, in comparison to BTZ. The resistance
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toward quinoid form of unsubstituted BTZ units in P4 would lower the overall
effective conjugation length of the polymer. [69] The presence of the octyl group at
N2 of OBTZ could make the triazole ring remain in the tautomeric form that favor

long range conjugation in the polymer chain, similar to the BTD units of P2.

3.2.6 Poly(2-octyl-3,4-ethylenedioxythiophene-co-1,4-bis((tert-
butyldimethylsilanyloxy)benzene) (P6)

CgHy7
CsH17
0] (0] OTBS
j@[OTBS Pdy(dba)s, Cs,C05, PRy _ [
z ; TBSO PivOH, toluene, rf 48 h S
TBSO n
OEDOT 5 Pé6

Scheme 3.26 Synthesis of poly(2™-octyl-3,4-ethylenedioxythiophene-co-1,4-bis((tert-
butyldimethylsilanyloxy)oenzene) (P6)

Polymer P6 was prepared by DArP between OEDOT and compound 5.
(Scheme 3.26) The product Pé as brown solid was obtained in 65% vyield. The 'H
NMR spectrum of the product showed the signals of the protons of the
ethylenedioxy group of OEDOT at 4.12 and 3.88 ppm, the signal of the protons of the
benzene rings from compound 5 at 6.56 and 6.26 ppm, and the signal of the methyl
groups from the TBS group (-Si-CHs) at 0.10 ppm. (Figure A.64, Appendix) UV-visible
absorption spectrum of P6é exhibited only a shoulder at 353 nm, (Figure A.67,
Appendix) indicating an ineffective conjugation between these aromatic unit.

Polymer P6 was used for the synthesis of polymer P7 in the next section.
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3.2.7 Poly(2-octyl-3,4-ethylenedioxythiophene-co-benzoquinone) (P7)

C8H17 :C8H17
o] o) OTBS ) o) 0
KF, conc. HBr, TBAB, DDQ
/\ - I\
s DCM:DMF (1:1), rt 48 hr s
TBSO n (e) n
P6 P7

Scheme 3.27 Synthesis of poly(2-octyl-3,4-ethylenedioxythiophene-co-

benzoquinone) (P7)

P7 was synthesized in 76% yield from deprotections of tert-butyldimethylsilyl
groups from Pé using KF in acidic condition to give hydroquinone, which was then
oxidized to benzoquinone units of polymer P7. The product was confirmed with 'H
NMR and IR spectra. The 'H NMR spectrum showed the signals of the ethylenedioxy
group on the OEDOT at 4.47-3.23 ppm, and the signals of the protons of the
benzoquinone ring at 5.45-4.73 ppm. (Figure A.68, Appendix) IR spectrum of the
product displayed the carbonyl C=0O stretching peaks at 1725 and 1707 cm™. (Figure
A.69, Appendix) P7 exhibited an unexpected low absorption A, at 336 nm.
(Figure A.71, Appendix) Its even lower absorption than that of polymer P6 may
perhaps due to the non-conjugation of the m-bonds between the benzoquinone and

OEDOT units.
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3.2.8 Poly(2-octyl-3,4-ethylenedioxythiophene-co-3,4-dinitrothiophene)

(P8)
CgH17
CgHq7 /—<
/ < (@] O
o 0 O,N NO,
+ VS /\ S
B A o~
s Br s Br N
o,N  NO,
OEDOT DBDNT P8

Scheme 3.28 Unsuccessful synthesis of poly(2'-octyl-3,4-ethylenedioxythiophene-co-
3,4-dinitrothiophene) (P8)

Synthesis of polymer P8 was attempted from DArP of OEDOT and DBDNT
using Pd(OAC), as the main catalyst, Cs,COs, PivOH in toluene. After heating to reflux,
an orange precipitate was immediately occurred in the reaction and only DBDNT
disappeared. The precipitate occurred to derive from an unexpected side reaction of
from SpAr substation on DBDNT in basic condition. (Scheme 3.39) Unfortunately,
changing base from Cs,CO5; to EtsN could not avoid the SyAr of DBDNT, and the
synthesis of P8 had to be abandoned.

O,N  NO, O,N  NO,

[\ > / \ +2Br

Scheme 3.29 Nucleophilic aromatic substitution (SyAr) of DBDNT
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3.2.9 Poly(2-octyl-3,4-ethylenedioxythiophene-co- thieno[3,4-b]pyrazine)

(P9)
CgH17
/—< VN P
Pd OAC 2, 032CO3, PPh3 / \ S
Z/ \; /Z_ﬁ\ PivOH, toluene, rf 20 h S
S n
N N
N4
OEDOT DBTP P9

Scheme 3.30 Synthesis of poly(2-octyl-3,4-ethylenedioxythiophene-co- thieno[3,4-
blpyrazine) (P9)

P9 was synthesized from DArP of OEDOT and DBTP. (Scheme 3.30) The
reaction was obtained the dark green solid of the product in 16% yield. A dark red
solid was found as another product, which cannot be dissolved in any common
organic solvents, but dissolved in acid such as trifluoroacetic acid. It was suspected
that low vyield of the product could be due to DBTP self-polymerization to the dark
red solid. The 'H NMR spectrum of the expected dark green product P9 showed the
signals of the protons on the pyrazine rings splitting into two groups at 8.77 and 7.49
ppm. The signals of the protons on the OEDOT at 4.64 — 3.23 exhibited longer than 3
: 2 ratio of combined signal integration comparing to that of the proton on the TP
units. (Figure A.72, Appendix) A possible explanation could be the presence of
branched polymer that occurred from cross-coupling of DBTP monomer on the C-H
bonds of the pyrazine ring. (Figure 3.19) The two types of pyrazine protons signals
would reflect the two different environments of branched and unbranched pyrazine

units.



59

CgH17

Figure 3.9 Possible branched structure of polymer of P9

3.2.10 Poly(2-octyl-3,4-ethylenedioxythiophene-co-2,3-diphenyl-
thieno[3,4-b]pyrazine) (P10)

CgHyz Ph  Ph

O O
/ < >/ \<
o O N N Pdy(dba)s, Cs,CO3, PPhs ]\ S
+ >
Z/ \; /Z_g\ PivOH, toluene, rf 20 h SN
S Br S Br N N n
>\ /<
PH Ph
OEDOT DBDPTP P10

Scheme 3.31 Synthesis of poly(2™-octyl-3,4-ethylenedioxythiophene-co-2,3-dipheny!-
thienol[3,4-b]pyrazine) (P10)

Polymer P10 was synthesized from DArP between OEDOT and DBDPTP.
(Scheme 3.31) The fully substituted pyrazine on DBDPTP would prevent the
formation of branching defect of polymer in P9. The steric phenyl groups may also
reduce the potential of self-polymerization of the reactant. The reaction with equal
ratio by mole of OEDOT and DBDPTP using Pd(OAc), as the catalyst (Entry 1, Table
3.5) gave higher incorporation of DPTP units into the product, corresponding to
random copolymer with the ratio of OEDOT : DPTP = 1 : 4, according to the
integration of signals in "H NMR spectrum. (Figure A.77, Appendix) The ratio of
OEDOT : DPTP was obtained from comparing the signals of 10 protons of phenyl
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groups on DPTP units at around 7 ppm and the signals of three protons of OEDOT
units at around 4 ppm. When we increased the ratio of OEDOT : DBDPTP to 4 : 1
(Entry 2, Table 3.5), the signal integration of the 'H NMR spectrum of the second
product presented the improved 1 : 2 ratio of OEDOT : DPTP units, closer to the
desired alternating copolymer. (Figure A.78, Appendix) When Pd,(dba); was used
instead as the catalyst in the reaction, and used the same ratio of OEDOT : DBDPTP
as the second condition. (Entry 3, Table 3.5) The signal integration of the 'H NMR
spectrum of this third product showed the closest 1 : 1.23 ratio of OEDOT : DPTP
units, almost reaching the fully alternating copolymer. (Figure A.74, Appendix) All
conditions still generated some insoluble solid, assumed to be the homopolymer of
DPTP from its self-polymerization, which caused low yields of the product. UV-visible
spectrum of P10 from the third condition exhibited a very high A, at 958 nm,
(Figure A.76, Appendix) indicating an excellent property of TP units as an acceptor.

Table 3.5 Conditions for the synthesis of polymer P10

Entry Catalyst Starting Incorporated  Time %oyield A M,°
OEDOT : ratios of (h) (nm)
DBDPTP ratios OEDOT : DPTP

units
1 Pd(OAC), 1:1 1:4 72 7.3 746 2842
2 Pd(OAC), 4:1 1:2 72 30 973 2823
3 Pd,(dba); 4:1 1:1.23 20 34 958 1886

“rom GPC analysis

The polymer from entry 1, Table 3.5 with 1 : 4 ratio of OEDOT : DPTP
presented the value of M,, of comparable size to that of entry 2, Table 3.5 with 1 : 2
ratio of OEDOT : DPTP. The much lower A, of the polymer from entry 1 would be
an evidence to support the idea that the copolymer with the ratio of OEDOT : DPTP

closer to 1 : 1 would likely to have the desirable alternating connections between



61

the two units and hence better optical property. It was also confirmed in the
comparison between the polymers from entries 2 and 3, Table 3.5 in which their
Anax Values were comparable despite their large difference in sizes, further
emphasized that the polymer with ratio of the two monomeric units near 1 : 1 or

alternating copolymer would have the best optical property.

3.3 Fluorescence property of polymers P1-P7, P10

The polymer P1-P7 and P10 in dichloromethane was measure their

fluorescence emission as summarized in Table 3.6

Table 3.6 Fluorescence excitation and emission of polymers P1-P7, P10

Polymer Excitation (nm) Emission (nm)

P1 480 565
P2 630 710
P3 461 607
P4 420 509
P5 506 610
P6 400 472
P7 336 -
P9 845 -
P10 958 -

The polymers P1-P6 gave various fluorescence emission values ranging from
509 to 710 nm. The polymer P2 exhibited the highest fluorescence emission values

at 710 nm. The polymers P3 and P5 also showed high fluorescence emission values
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at 607 and 610 nm, respectively. There results showed that the presence of BTD or

OBTZ units as an acceptor in structure had high value of fluorescence emission.

3.4 Molar extinction coefficient
3.4.1 Molar extinction coefficient of UV-visible absorption

Polymer P2 and P5 were selected to measure their molar extinction
coefficient because of the high A, values and intensities. Determination of molar

extinction coefficient (€) followed the Beer-Lambert law :

A = €ecl : A = absorbance
€ = molar extinction coefficient (L-mol™*-cm™)
¢ = concentration (molar)

| = path length (1 cm)

The polymer P2 was determined to have the molar extinction coefficient at
630 nm (€¢30) = 9,400 L-mol**cm™. (Figure A.79, Appendix), which the polymer P5
had the molar extinction coefficient at 506 nm (€506) = 12,180 L:mol*-cm™. (Figure

A.80, Appendix)

3.4.2 Molar extinction coefficient of fluorescence emission

Polymer P5 was selected to measure the molar extinction coefficient of
fluorescence emission because of its highest intensity of emission. Molar extinction
coefficient was calculated from Beer-Lambert law similar to section 3.4.1. The
polymer P5 has molar extinction coefficient at 610 nm (g,0) = 34811 x 102 L-mol™*:

cm’™. (Figure A.81, Appendix)
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Onset wavelength (Aset) and band gap (E,) of polymer P1-7 and P10 showed

in Table 3.7

Table 3.7 Maximum wavelength, onset wavelength, and band gap of polymer P1-7

and P10

Polymer Arax (nm) Aonset (NM) E; (eV)
P1 259 520 2.39
P2 630 925 1.34
P3 461 615 2.02
P4 293 520 2.39
P5 506 655 1.90
P6 296 575 2.16
P7 289 665 1.87
P9 845 >11007 <1.13
P10 958 >11007 <1.13

9 Aonset Value of P10 exceed the limit of instrument (1100 nm)

Most polymers exhibited rather large band gap around 2 eV. In particular,

conjugated polymers for OPV were suggested to should have band gaps lower than

2.0 eV to be able to absorb most of the solar energy. [70] So, these polymers can

apply to make polymer solar cells.
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CONCLUSION
HO OH
CI\)OJ\ Na,S.9H,0 j\/ \)OJ\ 1. NaOEt l—g\
OEt EtO S OEt 2. (CO,EY), EtOOC S COOEt
1(62%) 2 (76%)
1,2-dibromodecane |
:CBH17 :C8H17 :CeH17
0] O DBU (0] O NaOH 0] 0
- -
IS D g
S HOOC~ g~ ~COOH Et0OC~ g~ ~COOEt
EDOT (68%) 4 (92%) 3 (28%)

Figure 4.1 Synthesis of OEDOT

In the part of monomers synthesis, compound 1 was prepared by double
Sy2 reaction between sodium sulfide and ethyl chloroacetate in 62% vyield.
Compound 2 was synthesized from Hinsberg reaction between compound 1 and
diethyl oxalate in 76% vyield. Compound 3 was synthesized from S\2 reaction of
compound 2 and 1,2-dibromodecane in 28% vyield. Compound 3 was hydrolyzed by
NaOH to obtain compound 4 in 92% vyield, and finally, OEDOT was successfully
synthesized from decarboxylation of compound 4 in 68% yield (8.3% overall yield).

S .S,
N\ /N NBS, conc. H,SO, N\ /N
O Br—<£ ’:>—Br
BTD DBBTD (64%)

Figure 4.2 Synthesis of DBBTD
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BTZ (63.8%) DBBTZ (65%)

1-bromooctane I

DBOBTZ (59%)

Figure 4.3 Synthesis of DBBTZ and DBOBTZ

Brj@iOH O1% Brjg[OTBS
HO Br TBSO Br
5 (52%)

Figure 4.4 Synthesis of compound 5
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DBBTD was successfully synthesized from bromination of BTD with NBS in

conc. H,SO4 in 64% vyield. BTZ was prepared by diazotization and cyclization of o-

phenylenediamine in 63.8% vyield. BTZ was similarly brominated to obtain DBBTZ in

65% yield, which was then substituted with 1-bromoocthanae to produce DBOBTZ in

59% vyield. Compound 5 was obtained from double protections

dibromobenzene-1,4-diol in 52% yield.

of 2,5-
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HNO, OoN NO, sn H,N NH,
[, o™ o A Sy, = 3
Br/Q\Br H2804 Br S Br S « 2HCI
DNDBT (34%) DAT.2HCI (56.8%)
/7 \\ /7 \\
N N N N
NBS glyoxal
/ \ -~ /2 e —
Br S Br S
DBTP (24%) TP (34%)
Ph.  Ph Ph . Ph
>/ \< >/ \<
N N N N
NBS benzil
/ \ S s
Br s Br S
DBDPTP (61%) DPTP (72%)

Figure 4.5 Synthesis of DBTP and DBDPTP

DBDNT was prepared by nitration of 3,4-dibromothiophene in 34% vyield. DAT
was synthesized from reduction of DBDNT with tin powder in 56.8% yield. TP was
prepared by condensation of DTA with glyoxal in 34% vyield, which was then
brominated to give DBTP in 24% yield. DPTP was similarly prepared from
condensation of DAT with benzil in 72% vyield. DBDPTP was then obtained from
bromination of DPTP in 61% yield.

For polymers synthesis, polymer P1 was synthesized from DArP of OEDOT
and DBTZ in 65% yield. P1 exhibited A, at 328 nm, in which upon doping with
strong acid, A, moved to 488 nm. However, P1 is unstable and can be degraded

under ambient light and air.

P2 was synthesized from DArP of OEDOT and DBBTD in 82% yield. The starting
ratio of OEDOT : DBBTD = 1 : 2.3 gave an alternating copolymer P2, that exhibited
Amax at 630 NM (€430 = 9,400 L-mol*-cm™) and molecular weight (m/z) of 3606.50. P3
was synthesized from DArP between OEDOT and DBDFBTD in 38% yield. The product

was smaller and showed A, at 461 nm, lower than that of non-fluorinated P2.
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P4 was synthesized from OEDOT and DBBTZ via DArP in 65% vyield, which
exhibited low Apa at only 293 nm. In comparison, the synthesis using octyl
substituted BTZ to give P5 showed much higher A, at 506 nm (€505 = 12,180 L-mol’
L.cm™). It also presented high molecular weight (m/z) of 5306.861.

P6 was synthesized from DArP of OEDOT and compound 5 in 65% vyield. It
showed a rather low A, at 269 nm. Deprotection and oxidation to give polymer P7
still gave disappointing value of A, at 289 nm. P8 was unsuccessfully synthesized

from DArP due to the S\Ar side reaction of DBDNT monomer with base.

P9 was synthesized from OEDOT and DBTP in 16% yield, with evidence of
extensive branching defect in the product structure. P10 was similarly obtained from
DArP of OEDOT and DBDPTP in 34% yield using Pdy(dba); and starting ratio of OEDOT
: DBDPTP = 4 : 1, that almost led to the desired 1 : 1 incorporation ratio of the two

monomeric units in the polymer. P10 exhibited high A, at 985 nm.
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Calculation of band gap (E,)

Band gap of polymer can calculate from Planck relation

Eo= hc/Aonset : E, = band gap (J)
h = Plank’s constant (6.626 x 10>* J/s)
¢ = speed of light (3 x 10% m/s)

Aonset = ONnset wavelength (m)
Aonset 1S the intersection between tangent line of low energetic edge of

adsorption spectrum and tangent line of baseline as showed in Figure A.44, Figure

A.48, Figure A.55, Figure A.59, Figure A.63, Figure A.67, and Figure A.71

Example, calculation of E, of polymer P1

E, = hc/Nonset

(6.626 x 10°* J/5)+(3.00 x 108 m/s) / (520 x 10° m)

382 x 107 )

Convert Jto eV (1 eV = 1.6 x 10" J)

(3.82x 10 /(1.6 x 10 eV

2.39 eV
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Figure A.56 'H NMR (CDCl,) spectrum of polymer P4
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Figure A.68 'H NMR (CDCl,) spectrum of polymer P7
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